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An incidence survey among atomic bomb survivors identified
807 breast cancer cases, and 20 second breast cancers. As in ear-
lier surveys of the Life Span Study population, a strongly linear
radiation dose response was found, with the highest dose-specific
excess relative risk (ERR) among survivors under 20 years old at
the time of the bombings. Sixty-eight of the cases were under 10
years old at exposure, strengthening earlier reports of a marked
excess risk associated with exposure during infancy and child-
hood. A much lower, but marginally significant, dose response
was seen among women exposed at 40 years and older. It was not
possible, however, to discriminate statistically between age at
exposure and age at observation for risk as the more important
determinant of ERR per unit dose. A 13-fold ERR at 1 Sv was
found for breast cancer occurring before age 35, compared to a 2-
fold excess after age 35, among survivors exposed before age 20.
This a posteriori finding, based on 27 exposed, known-dose,
early-onset cases, suggests the possible existence of a susceptible
genetic subgroup. Further studies, involving family histories of
cancer and investigations at the molecular level, are suggested to
determine whether such a subgroup exists.

INTRODUCTION

This is the fourth in a series of reports (1–3) on inci-
dence of breast cancer in females and radiation dose in the
Life Span Study (LSS)2 sample, a defined population of

1 To whom correspondence should be addressed.
2 Abbreviations used: ATB, at the time of the bombings; DS86, Dosime-

try System 1986; ERR, excess relative risk; ICD, International Classifica-
tion of Disease; LSS, Life Span Study; NIC, not in city; PY, person-years;
RBE, relative biological effectiveness; RERF, Radiation Effects Research
Foundation; RR, relative risk; T65D, tentative 1965 dosimetry system.

survivors of the atomic bombings of Hiroshima and
Nagasaki, Japan. With the present report, follow-up is
extended through the end of 1985. The number of incident
cases is increased through longer follow-up and, to a lesser
extent, by an expansion of the low-dose portion of the
Nagasaki component of the sample (4), and risks are evalu-
ated using Dosimetry System 1986 (DS86), which replaced
the previous system, the tentative 1965 dosimetry system
(T65D), in 1986 (5, 6).

The previous survey (3) covered the period from Octo-
ber 1, 1950, the date of the census upon which selection of
the study population was based (7), through December 31,
1980. In that study, 564 cases were identified, 10 of them
bilateral. Dose–response analyses using the T65D dosime-
try found a highly significant linear increase in incidence
with increasing dose, which was statistically significant
even over the restricted dose range of 0–0.5 Gy for the
breast. A significant dose response, based on 24 cases, was
found for subjects exposed before age 10 (3, 8). That find-
ing was substantiated by Hildreth et al. (9, 10), w h o
observed a similar excess among women irradiated in
infancy for a supposedly enlarged thymus. In general, the
level of dose response was strongly and significantly
dependent upon age at the time of the bombings (ATB):
the estimated excess relative risk (ERR) per Gy was 5.3,
2.6, 1.2, 0.0 and 0.4, respectively, for women age 0–9,
10–19, 20–39, 40–49 and 50 or older ATB. In all age
cohorts in which a dose-related excess risk was demon-
strated, that risk was not apparent until at least 10 years
after exposure and not before (about) age 30, and the rel-
ative risk subsequently was fairly constant over time since
exposure. The incidence of second breast (bilateral) can-
cers also increased with increasing dose, but there was no
evidence that they tended to occur in a subgroup particu-
larly sensitive to radiation.
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TABLE I
Distribution of Newly Ascertained Cases (and Second Cancers, in Parentheses) by Series, Population and Period

Series, period of coverage and population sample

W a n e b o
(1950–1966) M c G r e g o r T o k u n a g a T o k u n a g a Present series

clinical (1950–1969) (1950–1974) (1950–1980) 1985 LSS
Period subsample LSSa LSS LSS LSS expansion

1950–1966 25 152 (1) 15 7 4
1967–1969

20
37 (1) 27 3 2 (1) 3

1970–1974 96 23 (1) 1 (1) 4
1975–1980 167 (7) 23 (1) 8 (1)
1981–1985 l b 176 (5) 13 (1)
1950–1985 total 25 189 (2) 138 201 (8) 206 (8) 48 (2)

Note. The “1985 expansion” is an increase in the LSS sample.
a LSS = Life span study.
b Additional information resulted in a change of the diagnosis date from December 1980 to January 1981.

T o t a l

223 (1)

72 (2)
124 (2)

198 (9)
190 (6)
807 (20)

felt that sociological differences between the NIC and exposed portions        
of the sample might be a potential source of bias (17). However, many of             
the comparisons appropriate for an incidence study are concerned less        
with the magnitude of the dose response than with its variation over        
time, by age ATB and by attained age; such comparisons, because of         
their detail, may benefit from having the increased numbers of cases at         
low dose levels obtained by including observations on the NIC part of         
the LSS population. This consideration is still important, even with the         
recent inclusion in the population of additional distally exposed survivors           
in Nagasaki (4). The approach taken in the present investigation was to          
conduct parallel analyses, with and without the NIC data, and to present          
results based on the larger data set only if they differed meaningfully         
from those based on the exposed subjects alone, or to correct statistical          
instability due to small numbers of low-dose cases.

All reported P values are two-tailed, based on likelihood-ratio tests.        
Point estimates are presented with two-sided, equi-tailed, likelihood-         
ratio confidence intervals, in most cases at confidence level 0.90 corre-         
sponding to one-sided hypothesis tests at level 0.05.

RESULTS

Case Ascertainment

In all, 807 breast cancer cases, 20 of them bilateral, were
included in the series. Of the 827 breast cancers (807 first
cancers plus 20 second cancers, i.e., cancers in the second
breast, whether diagnosed simultaneously with the first, or
later), 635 were accepted on the basis of pathology review
by the present investigators, 88 on the basis of review by
other pathologists, 54 on the basis of clinical information
and 50 on the basis of death certificate information only.
The ascertainment did not appear to be biased with respect
to dose, on the basis of the following analyses: (1) There was
no statistical association between the basis of acceptance of
breast cancer diagnosis and dose. (2) Within dose intervals,
the proportion of cases from the clinical subsample of the
LSS cohort, in which the higher-dose subjects are dispropor-
tionately represented and whose members are solicited
every 2 years for medical examinations at RERF, was con-
sistent with uniform ascertainment levels. (3) The dose dis-

tribution of cases was statistically similar to that of death
certificate diagnoses of breast cancer for the same period, as
reported by Shimizu et al. (4); ascertainment of death certifi-
cates is virtually complete and therefore unbiased.

Relationship to Earlier Series

As shown in Table I, 25 of the 807 cases in the present
series were first identified by Wanebo et al. (18) in their ini-
tial study of breast cancer incidence in the clinical subsample
of the LSS cohort during 1950–1966. Another 189 cases, and
2 second breast cancers, were found by McGregor et al. (1) in
their study based on the entire cohort for the period
1950–1969. Tokunaga et al. (2) extended follow-up through
September 1974, identifying another 138 cases but no further
second breast cancers; later (3), follow-up was extended
through 1980, with an additional ascertainment of 201 cases
and 8 second breast cancers. The current series contributed
254 new cases and 10 second breast cancers; 48 of the cases
and 50 of the total breast cancers correspond to an expansion
of the LSS cohort by 11,393 survivors of both sexes, exposed
in Nagasaki at distances from the hypocenter of 2500 m or
greater (4). With continued follow-up, information has accu-
mulated on cases already in the series or previously consid-
ered, and rejected, as possible cases; a few have been added
or dropped because of new information. Evidence of delays
in the case ascertainment process can be seen in the distribu-
tion of cases by study and period (Table I). The numbers
reflect delays in transmitting information to the tumor reg-
istry about cases within the registry’s catchment area. These
numbers also reflect cases, diagnosed in other parts of Japan,
that came to the attention of RERF only because breast can-
cers that may have been diagnosed and treated many years
earlier were mentioned on death certificates or because the
patient later returned to the Hiroshima or Nagasaki area and
was examined at a local hospital or clinic.
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TABLE II
Distribution of Cases (and Second Cancers, in Parentheses) by Age ATB and Period

Crude
rate: cases

per
104 PY

Age ATB (years) Total
20–29                         30–39 40–49 >=50 cases

4 9 16 11 42
4 10 5 5 24
3 11 13 11 40

33 26 (1) 10 14 100 (1)
34 (1) 23 16 8 113 (2)
28 (1) 22 18 4 135 (3)
35 (1) 25 (2) 19 4 163 (8)
42 (2) 32 14 (1) 190 (6)

183 (5) 158 (3) 111 (1) 57 807 (20)
11,956 11,323 10,134 10,207 70,165

0–9 10–19Period

1950–1955
1956–1957
1958–1960
1961–1965
1966–1970
1971–1975
1976–1980
1981–1985
Total
Women

2 1.16
1.79
2.04
3.18
3.78
4.79
6.18
7.77
3.85

2
17
28 (1)
53 (2)
64 (4)
64 (2)

230 (9)

14,541

4
10
16 (1)
38 (1)
68 (2)
12,004

Note: ATB = at the time of the bombings.

Ascertainment by Age ATB, Age at Diagnosis and Period cohort reached ages at which rates normally increase (Table
III). The extremely low crude rate for the 0–9 ATB cohort
reflects the fact that, in 1950, when follow-up began, these
women were between 5 and 15 years old and another 10
years were required before even the oldest reached ages at
which breast cancer normally occurs. In the sample as a
whole, only five cases were diagnosed at ages under 30.
Crude rates increased with increasing attained age, reaching
an apparent plateau at ages 40–44. These rates do not reflect
only attained age; most observations at early ages pertained
to the younger birth cohorts, and most observations at later
ages pertained to women in the older cohorts. Thus, given
the likelihood of secular trends in age-specific rates, the
apparent plateau in Table III may have no significance in
terms of dependence of risk on attained age per se.

As shown in Table II, in recent years incident cases have
increasingly come from the younger age-ATB groups. In all,
there were 68 cases (and 2 second breast cancers) in the
group 0–9 years old ATB, 230 (9) in the 10–19 group, 183 (5)
in the 20–29 group, 158 (3) in the 30–39 group, 111 (1) in the
40–49 group and 57 (0) in the group exposed when older.
Not surprisingly, the younger cohorts became increasingly
important to the overall experience in recent years: 54% of
all cases, and cancers, diagnosed during 1981–1985 occurred
among women under 20 ATB. No marked increase in annual
case ascertainment was seen after establishment of the tumor
registries in 1957–1958. However, evidence of a gradual
increase over time was seen as the younger members of the

TABLE III
Distribution of Cases (and Second Cancers, in Parentheses) by Age ATB and Attained Age

Crude rate:
cases per

104 PY

0.13
1.88
2.75
5.18
6.30
5.66
6.60
4.80
4.47
5.61

        4.89
5.38
3.85

Attained
age (years)

<30
30–34
35–39
40–44
45–49
50–54
55–59
60–64
65–69
70–74
75–79
>=80
All ages

Age ATB (years)

20–29 30–39
Total
cases

5
33
55 (2)

110 (2)
130 (7)
116 (3)
103
75 (5)
59
55
35
31 (1)

807 (20)

0–9

1
15
15 (2)
27
10

10–19

4
16
25
43 (1)
63 (6)
55 (2)
23

40–49

3
13
13
16
15
20

17
14 (1)

111 (1)

2

3
16
11

8
17
57

3.55

68 (2)

1.63

230 (9)

4.66

183 (5) 158 (3)
Crude rate:

cases/10 4 PY 4.61 4.44 4.07 3.85

Note: ATB = at the time of the bombings.

1
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Breast Tissue Equivalent Dose, in Sv (RBE 10)

FIG. 1. Estimated relative risk, with 90% confidence limits, by mean
estimated equivalent dose (neutron RBE = 10) to breast tissue; for consec-
utive dose intervals (Table IV) and fitted linear dose–response model;
exposed women only, stratified on city, age at the time of the bombings,
attained age and calendar time.

the fit significantly (P = 0.92). In the quadratic model,

RR = 1 + α D (1 + β D), (2)

where D is equivalent dose in sieverts, the point estimate
for β was 0.0055 with 90% confidence interval –0.077, 0.19.
Thus the lowest crossover dose consistent with the data, i.e.,
the lowest dose at which the contributions of D and D 2 are
equal, was (0.19)–1 = 5.25 Sv.

The estimated ERR per Sv was little affected by disre-
garding high-dose data and remained significantly greater
than zero until all observations on subjects with breast tis-
sue doses above 0.25 Gy had been deleted (Table V). These
grouped data provide direct evidence of a positive dose
response below 0.5 Gy (the mean dose was 0.38 Sv for the
0.25–0.49-Gy interval) but fail to do so below 0.25 Gy (the
mean dose for the 0.1–0.24-Gy interval was 0.17 Sv).

Second Breast Cancers

Of the 20 second breast cancers observed, 2 were in the
NIC group and 3 were in the group without DS86 dose esti-
mates. The estimated ERR of a second breast cancer was
1.37 per Sv (0.08, 4.71), virtually the same as the estimate of
1.50 for first cancers. The proportion of cases with second
cancers was not related to dose (P = 0.52 for trend in a
binomial model analysis restricted to breast cancer cases).
In other words, the mean estimated dose among cases with
second breast cancers was higher than that for the popula-
tion as a whole, but was similar to that among cases with
only one affected breast.

TABLE V
Summary of Linear Dose–Response Analyses for

Dose Intervals Bounded from Above

Maximum breast Estimated excess
tissue dose (Gy) relative risk per Sv 90% confidence limits

6.0 1.50 1.12, 1.94
3.99 1.43 1.03, 1.89
2.99 1.53 1.11, 2.03
1.99 1.52 1.05, 2.07
0.99 1.73 1.10, 2.48
0.49 1.31 0.41, 2.40
0.249 0.87 –0.70, 2.82
0.099 – 1.58 –6.03, 3.76

Expression Period

The time required before the appearance of an apprecia-
ble excess risk was estimated by fitting the linear model,
RR = 1 + α D, which assumes a constant ERR over time at
any given dose, with the constraint α = 0 for any period ear-
lier than 1950, 1956, 1958, 1961 or 1966; these dates corre-
spond to the beginnings of the earliest intervals into which
the data were divided. The corresponding deviance reduc-
tion values, compared to a zero-dose response, were 94.8,
95.3, 100.8, 96.4 and 83.9, respectively. Thus choosing Janu-
ary 1, 1958, as the approximate beginning of the expression
period for breast cancer incidence associated with exposure
to atomic bomb (A-bomb) radiation, at least among women
old enough to have had an appreciable baseline breast can-
cer risk at that time, corresponds to a deviance difference of
4.4 or more compared with any other of the possibilities
considered. Moreover, the estimated slope obtained by
restricting consideration to the period 1950–1957 was nega-
tive, whereas it was positive for all later periods. (Of 23
cases diagnosed in 1956–1957 with dose estimates, none had
over 0.5 Gy, and only one had over 0.1 Gy.) The distribu-
tion of cases by year of diagnosis (Table II) does not sug-
gest that this rough determination of an expression period
of about 12 years is an artifact of improvements in ascer-
tainment efficiency associated with the establishment of the
tumor registries in 1957 (Hiroshima) and 1958 (Nagasaki)
or of the beginning, in 1958, of routine, biennial medical
examinations of the clinical subsample.

Only 5 cases were diagnosed at ages under 30, as follows:

Age Age at Year of Equivalent
Case no .               City ATB diagnosis diagnosis dose

044852 Nagasaki 16 25 1954 0 (NIC)

241017 Hiroshima 17 24 1952 0.41 Sv

266389 Hiroshima 1 29 1973             0.01 Sv

266952 Hiroshima 12 28 1961 0.24 Sv

294151 Hiroshima 13 28 1961 Unknown

These data provide little basis for estimating a minimum
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Age ATB (years)
* Minimum feasible value for lower limit

FIG. 2. Estimated excess relative risk per Sv, by interval of age at the
time of the bombings (age ATB) (0–9, 10–19, 20–29, 30–39, 40–49 and
>=50), with fitted model ERR (D;E) = α D exp (β1 E), where D is equiva-
lent dose in Sv (neutron RBE = 10) and E is age ATB. Estimates and
90% confidence limits stratified on city, age ATB, attained age and peri-
od. Total number of cases appears above the upper confidence limit for
each interval of age ATB.

age (as opposed to time interval) for the appearance of
radiation-induced breast cancer; estimates of ERR per Sv,
even when restricted to women younger than 20 years
ATB, were virtually unaffected by inclusion or exclusion of
data pertaining to attained ages under 30 years. (Exclusion
did, of course, influence estimates of absolute risk, since a
substantial proportion of PY among those under 12 years
ATB were experienced after 1957 and at attained ages
under 24, when no cases occurred.)

City Differences

Breast cancer rates were generally about 25% lower in
Nagasaki than in Hiroshima (Table IV). In terms of ERR per
Sv, however, the fitted linear coefficients were statistically
indistinguishable (P = 0.48): the slope estimate was 1.40
(1.00, 1.89) for Hiroshima and 1.85 (1.02, 2.99) for Nagasaki.
Additive model estimates were also similar (P= 0.73) for the
two cities: 6.4 (4.7, 8.2) excess cases per 104 per Sv for Hiroshi-
ma vs 7.1 (4.3, 10.4) for Nagasaki, when cases diagnosed
before age 30 were ignored; the estimates were almost identi-
cal when the slope estimates were adjusted for age ATB.

Age ATB, Attained Age and Time since Exposure

The ERR per Sv depended heavily upon age ATB
(Fig. 2, Table VI), decreasing by an estimated 3.7%
(1.4%, 6.2%) per additional year. That estimate corre-
sponds to the fitted model,

RR (D;E) = 1 + 3.60 D exp(–0.0374 E), (3)

where D is breast tissue dose in Sv and E is age ATB in
years; the semicolon in RR (D;E) is used here and else-
where to indicate that E is an exponential modifier of the
linear coefficient for D. There was no significant difference
in fit between this continuous model and the step models
corresponding to the age-specific estimates in Fig. 2 and
Table VI. Essentially the same level of fit was obtained by
specifying ERR to be a step function over the age ranges
0–19, 20–39 and >=40 years ATB; estimated values were 2.41
(1.63, 3.44), 1.25 (0.77, 1.87) and 0.48 (0.002, 1.28) per Sv,
respectively. Thus a marginally statistically significant ERR
(one-tailed P < 0.05) was found for the group >=40 years
ATB (it can be argued that a one-tailed significance test is
appropriate here, since the alternative of a negative dose
response has little credibility).

TABLE VI
Dependence of Dose Response on Age-ATB Interval: Excess Relative Risk (ERR) per Sievert

Age ATB ERR 90% CI ERR 90% CI ERR 90% CI

0–4 4.64 1.68, 11.23 3.21 1.47, 6.13
5–9 2.08 0.29, 5.61 2.41 1.63, 3.44

10–14 1.82 0.79, 3.50 2.19 1.37, 3.31
15–19 2.49 1.36, 4.17
20–24 1.18 0.48, 2.27
25–29

1.27 0.65, 2.14
1.45 0.42, 3.15 1.25 0.77, 1.87

30–34 0.96 0.21, 2.23 1.23 0.54, 2.22
35–39 1.60 0.51, 3.52
40–44 0.02 NC,a 0.91 0.54 –0.01, 1.54
45–49 1.78 0.30, 5.03 0.48 0.002, 1.28
50–54 0.51 NC, 3.24 0.31 NC, 2.04

>=55 –0.12 NC, 2.98

Deviance (df)b 13.64 (11 ) 8.99 (5) 8.36 (2)

a NC: Confidence limit could not be calculated.
b Improvement in deviance over a common linear dose response for all ages at the time of the bombings (ATB).
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FIG. 3. Estimated excess relative risk per Sv, by interval of attained
age (25–34, 35–44, 45–54, 55–64, 65–74 and >=75), with fitted model
ERR (D;A)  = α D exp (β 2 A), where D is equivalent dose in Sv (neutron
RBE = 10) and A is attained age. Estimates and 90% confidence limits
stratified on city, age at the time of the bombings, attained age and peri-
od. Total number of cases appears above the upper confidence limit for
each interval of attained age.

Radiation-related risk was also strongly dependent upon
attained age (Fig. 3, Table VII). The ERR per Sv decreased
by an estimated 4.6% (2.0%, 7.6%) for each additional
year, corresponding to the model

RR (D;A) = 1 + 1.65 D exp[-0.047 (A – 50)], (4)

where A is attained age. The most remarkable feature of
Fig. 3, however, is that ERR per Sv was substantially high-
er for cancers diagnosed before age 35 than at higher ages.
(The ERR for attained ages 35–39 was similar to that for
older ages.) In an analysis suggested by the figure, the level
of deviance was reduced by 4.5 (= 13.71 – 9.24; see
Table VII) by adding a parameter for attained age less
than 35:

RR [ D;A,I <35 (A) ] =
1 + 1.52 D exp[–0.032 (A – 50) + 1.64 I <35 (A) ] (5)

where I <35 (A) = 1 for A < 35 and = 0 otherwise. The addi-
tional contribution of attained age per se was similar: a
deviance reduction of 4.1 (13.71 – 9.63) corresponding to
P = 0.043, assuming a χ2 distribution with 1 df. In analyses
restricted to risk at attained ages of 35 years or more, it was
impossible to separate the effects of age ATB and attained
age (these results can be readily inferred from Table VII).

When age ATB and attained age, the latter as represent-
ed by the variables A and/or I <35 (A) defined above, were
included in the same model, the results were as follows
(Table VII): The model RR (D;E,A) provided a significant

deviance reduct ion (dev)  over  nei ther  RR ( D ; A )
(dev = 9.44 – 9.24 = 0.20, P = 0.65) nor RR (D;E) (dev =
9.44 – 7.28 = 2.16, P = 0.14), nor was RR[ D;E,A,I <35 (A) ] a
significant improvement over RR[ D;A,I <35 (A) ] (dev = 14.10
– 13.71 = 0.39, P = 0.53) or RR[ D;E,I <35 (A) ] (dev = 14.10
– 13.59 = 0.51, P = 0.48). Thus age ATB (E) and attained
age (A) were so closely correlated that their respective rela-
tionships to radiation-associated risk could not be disentan-
gled, especially after allowing for the possibility of increased
risk of breast cancer diagnosed before age 35. But
RR[ D;E,I <35 (A) ] provided a better fit than either RR (D;E)
(dev = 13.59 – 7.28 = 6.31, P = 0.012) or RR[ D;I <35 (A) ] (dev
= 13.59 – 9.24 = 3.96, P = 0.047), and RR[ D;E,A,I <35 (A) ] a
better fit than RR (D;E,A) (dev = 14.10 – 9.44 = 4.66, P =
0.031). Thus the observed variation in estimated ERR per
Sv represented in Figs. 2 and 3 could be explained by a
parameter for risk before age 35 and, for risk at higher ages,
a trend in either age ATB or attained age.

Table VIII summarizes a supplemental analysis to that
part of Table VII concerning the joint relationship of age
ATB and attained age to dose response. The entries in the
body of the table are point and interval estimates, where
feasible, of ERR at 1 Sv for subjects in each cell of a matrix
whose rows and columns correspond to intervals of age
ATB (0–19, 20–39 and >=40) and attained age (<35, 35–44,
45–54, 55–64, 65–74 and >=75), respectively. The right-hand
column corresponds to intervals of age ATB (E) adjusted
for attained age (A); in the adjustment, A is treated both as
a continuous variable and as filtered by an indicator
[ I <35 (A) ] for attained age younger than 35:

RR = 1 + [α 0–19 I 0–19 (E) + α 20–39 I 20–39 ( E )
+ α>=40 I >=40 (E) ] D exp [β A + yI <35 (A) ],

where the α ’s correspond to the tabulated ERR estimates.
The bottom row of the table corresponds to intervals of
attained age adjusted for age ATB as a continuous variable:

RR = 1 + [α<35 I <35 (A) +... + α >=75 I >=75 (A) ] D exp (β E].

The tabulated point estimates suggest, first, a marked
difference between risk before and after age 35, consistent
with the analysis of Table VII. There is an apparent tenden-
cy for ERR to decrease with increasing age ATB within
attained age intervals and (in the right-hand column) after
adjustment for attained age, but the inference is not strong-
ly based, as indicated by the broad and overlapping confi-
dence intervals in Table VIII as well as a comparison of
deviances in Table VII.

All but 2 of the 38 breast cancer cases diagnosed before
age 35 were under 20 years of age ATB. The exceptions,
who were 25 and 27 years old ATB, were both diagnosed in
1951 at ages 31 and 33, respectively; the younger case had
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TABLE VII
Summary of Regression Analyses for Modified Dose Response: Point Estimates with 90% Confidence Limits

Regression variable (parameter)

D (α) E ( β1) A – 50 ( β2) I <35 (A) ( β3) ln (T/25) (β4)

1.50
b

— — .

(1.12, 1.94)
3.60 –0.0374 — —

(2.00, 6.35)

—

(–0.064, –0.014)
1.65 — –0.0470 —

(0.42. 7.59) (–0.079, –0.020)
1.36 — 2.30

(1.00, 1.78)

—

(1.14, 3.87)
1.52 — –0.0322 1.64

(1.11, 2.01)

—

(–0.063, –0.006) (0.367, 3.29)
2.07 –0.0104 –0.0381 —

(0.84, 4.80)

—

(–0.050, 0.028) (–0.084, 0.005)
2.72 –0.0285 1.90 —

(1.44, 5.00) (–0.056, –0.005) (0.670, 3.60)
2.08 –0.0148 –0.0192 1.70

(0.84, 4.95)

—

(–0.056, 0.024) (–0.065, 0.0252) (0.404, 3.41)
1.50 — –0.0513

(1.11, 1.96) (–0.93, 0.89)
5.05 –0.0487 — — –0.980

(2.51, 10.3) (–0.082, –0.021) (–2.12, 0.12)
1.62 –0.0484 — 0.258

(1.18, 2.14) (–0.081, –0.021) (–0.700, 1.31)
1.34 — 2.34 0.160

(0.96, 1.78) (1.16, 3.96) (–0.771, 1.19)
3.26 –0.0341 — 1.70 –0.494

(1.52, 7.02) (–0.066, –0.007) (0.405, 3.41) (–1.66, 0.677)
1.47 –0.0339 1.70 0.381

(1.05, 1.97) (–0.066, –0.007) (0.405, 3.43) (–0.610, 1.50)

Note. The tabulated values are estimates and 90% confidence intervals for the parameters of special cases of the general model,

RR [D;E,A – 50, I <35 (A), ln(T/25)] = 1 + α D exp [β1 E + β2 (A – 50) + β3 I <35 (A) + β4 ln( T /25)].

Dev a

(df)

—

7.28
(1)

9.24
(1)

9.63
(1)

13.71
(2)

9.44
(2)

13.59
(2)

14.10
(3)

0.01
(1)

9.42
(2)

9.43
(2)

11.71
(2)

14.09
(3)

14.09
(3)

where D is breast tissue equivalent dose in Sv (neutron RBE = 10), E is age at the time of the bombings, A is attained age, I <35 (A) indicates whether
attained age was less than 35, T is time since exposure, and α and β 1... ,β4 denote unknown parameters.

a Improvement in deviance over model in row 1; Dev = deviance; df = degrees of freedom.
b Parameter value fixed at zero.

an estimated dose of 15 mSv and died in 1952, whereas the
older case, who died in 1959, had an unknown dose accord-
ing to both T65D and DS86. Of the remaining 36 cases, 2
had unknown doses and 7 were not exposed. For the cohort
younger than 20 ATB, ERR per Sv was essentially flat as a
function of attained age above 35 (Table VIII, Fig. 4) but
was markedly higher at earlier ages. The drop in ERR
between attained ages 30–34 and 35–49 was quite sharp, as
indicated by the following regression estimates for exposed
women: 16.6 (5.2, 102.8) for ages 30–34 vs 2.4 (0.9, 5.3) for
35–39. With the NIC included, the corresponding estimates
were 8.3 (3.4, 19.5) and 2.7 (1.1, 5.7).

The effect of including the NIC data in the above calcu-
lations was to increase the low-dose breast cancer rate
substantially at attained ages under 35 and decrease it
slightly at higher ages, reducing but not eliminating the

difference between the two intervals. It is by no means
clear that the number of breast cancers observed before
age 35 among the women exposed to low doses was partic-
ularly low compared to expectation; observed breast can-
cer rates, by dose group and attained age (30–34, 35–44,
45–54 and 55–64) are given in Table IX along with those
expected (at zero dose) according to the Hiroshima and
Nagasaki tumor registries (19), and it is the NIC rates,
rather than those for subjects with doses under 0.1 Gy,
that seem less consistent with registry rates. Simple linear
regressions on radiation dose for the above attained-age
intervals for exposed subjects, adjusted for city, were used
to estimate excess relative and absolute risk at 1 Sv (Table
X). Also, the estimates in Fig. 4 and the zero-dose expect-
ed rates from Table IX were used to compute estimated
rates at zero and 1 Sv (Fig. 5). It is interesting that the
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TABLE VIII
Linear Model Estimates (with 90% Confidence Intervals) of Excess Relative Risk per Sievert, by Interval of Age

ATB (E) and Attained Age (A)

Attained age

Age ATB <35 35–44 45–54 55–64 65–74    >=75 Summary a

0–19 13.5 1.5 2.6 1.8 — — 3.5
(4.4, 63.9) (0.6, 2.7) (1.5, 4.4) (0.1, 6.2)

20–39 1.3
(0.6, 22.0)

1.6 1.1 0.8 2.5
(0.3, 0.5) (0.8, 2.9) (0.4, 2.2) (–0.1, 2.6)                     – (0.3, 21.6)

>=40 — — — 0.01 0.5 0.8 1.1
(NC, 0.7) (NC, 1.8) (–0.04, 2.8) (–0.1, 20.6)

Summary b 17.1 1.9 3.4 1.9 1.5 1.8
(5.1, 95.9) (0.8, 4.1) (1.4, 0.2) (0.5, 6.7) (NC, 10.0) (NC, 19.2)

Note. The summary column on the right is adjusted for attained age, as explained in footnote a, and the summary row at the bottom is adjusted for
age ATB as explained in footnote b.

NC: Confidence limit could not be calculated.
a Column entries correspond to the α values in the expression,

RR = 1 + [α 0–19 I 0–19 (E) + α 20–39 I 20–39 (E) + α >=40 I >=40 (E)] D exp [β A + γ I <35 (A) ]:

here and in footnote b, the subscripted letter I is used to denote an indicator function, equal to one if the argument falls within the interval specified
by the subscript, and equal to zero otherwise.

b Row entries correspond to the a values in the expression.

RR= 1 + [ α>35 I >35 (A) + ... + α >=75 I >=75 (A) ] D exp (β E)

observed and estimated risks at early ages were high in
both absolute and relative terms. In particular, the excess
absolute risk was nonsignificantly higher (P = 0.085) for
attained ages 30–34 compared to ages 35–44. It is also
clear, from Figs. 4 and 5 and Tables IX and X, that there

Attained Age (years)

FIG. 4. Estimated excess relative risk (ERR) at 1 Sv for exposed
women under age 20 at the time of the bombings (ATB), by interval of
attained age (25–34, 35–44, 45–54, 55–60). Estimates and 90% confi-
dence limits stratified on city, age ATB, attained age and period. Hori-
zontal lines correspond to the estimate and 90% confidence limits for
combined ages >=35. Total number of cases appears above the upper con-
fidence limit for each interval of attained age.

was far less variation by attained age in terms of absolute
compared to relative risk at high doses.

All of the early-onset cases among women under 20
ATB were diagnosed before 1979; over half (19/36) had
died by 1987. That proportion is not significantly greater
than the 68 fatalities among the total of 164 cases diagnosed
before 1979 in the same age cohort (P= 0.20). Death before
1987 was not associated with radiation dose in any of the
above three subsets of cases, nor was length of survival
among the deceased cases. Only 2 of the early-onset cases
experienced second breast cancers before the end of follow-
up, a number consistent with the 7 bilateral cases among
the 164 cases under 20 years ATB diagnosed before 1979.

Year of observation for risk (equivalently, time since
exposure) was not significantly related to ERR per Sv,
either before or after adjustment for age ATB or attained
age (Table VII). The 1990 report of the National Research
Council’s Committee on the Biological Effects of Ionizing
Radiation (BEIR V) (20) presented fitted estimates for
breast cancer incidence based partly on data from the previ-
ous report in this series (3) and partly on data from two
United States series (21, 22). The BEIR V Committee con-
cluded that relative risk decreased with increasing time
since exposure for all exposure ages, on the basis of the fol-
lowing fitted model,

RR (D;x 1,x 2,x 3,x 4) = 1 + α D exp (Σβ i x i). (6)

where x 1 = 1 if E <= 15 and zero otherwise (where E is age
ATB), x 2 = ln (T/20). T is time in years since exposure,
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TABLE IX
Comparison of Observed Breast Cancer Rates for Women Less than 20 Years Old at the Time of the Bombings

with Those Expected, in the Absence of Exposure, According to Age-Specific Rates from the Hiroshima
and Nagasaki Tumor Registries (19) by Exposure (Dose) Group and Attained Age: Cases per 105 PY

Exposure (dose)
group average

equivalent dose (Sv)

NIC (0 Sv)
Observed
Expected

<0.1 Gy (0.01 Sv)
Observed
Expected

0.1–0.49 Gy (0.28 Sv)
Observed
Expected

0.5–1.99 Gy (1.19 Sv)
Observed
Expected

2.0–6.0 Gy (4.35 Sv)
Observed
Expected

30–34

20.6
13.5

11.1
13.6

72.9
13.4

87.0
13.6

221.7
13.5

x 3 = x 2

2 and x 4 = (1 – x 1) (E – 15). The BEIR V model, fit-
ted to the present data, provided a deviance reduction of
8.3 with 4 df over the simple linear dose–response model
RR (D) = 1 + α D. This compares with reductions of 7.3 and
9.2 with 1 df obtained for the simpler models R (D;E) and
R (D;A), respectively (presented in Table VII and displayed
in Figs. 2 and 3), and 13.6 and 13.7 with 2 df for
R [ D;E,I <35 (A) ] and R [D;A, I <35 (A) ], respectively. Thus the
complexity of the BEIR V model seems unnecessary to
explain these data.

DISCUSSION

The present series differs from the previous one (3) in
that new subjects, exposed in Nagasaki to comparatively
low doses, were added to the study population and their
cases were added to the series. That, and 5 more years of
follow-up, increased the number of cases by nearly half, and
doubled the number of second breast cancers. Also, a new
dosimetry system was introduced. It is noteworthy that the
conclusions of the previous series remain essentially
unchanged and have been strengthened in many respects.

Attained age (year)

35–44 45–54 55–64

23.8 67.8 36.7
49.5 73.8 78.6

38.8 62.4 84.1
49.1 71.4 76.2

56.9 120.7 53.6
47.6 75.2 82.0

92.5 296.7 181.2
49.2 68.4 70.5

302.2 405.0 829.3
49.5 75.4 76.7

In particular, the dose response in the present data was
highly significant statistically, and strongly linear. Quadratic
curvature corresponding to crossover doses lower than 5 Sv
could be ruled out at a (one-sided) confidence level of 95%.
This result is inconsistent with the International Commis-
sion on Radiological Protection model (23), which postu-
lates a dose and dose-rate reduction factor of two between
risk per sievert at (about) 1.5 Sv and near zero, at least to
the extent that the factor may have been based upon the
assumption of an upward-concave, quadratic dose–response
model. Lack of evidence of curvilinearity for the breast can-
cer dose response is not particularly new, of course; in the
1980 BEIR Report, breast cancer was noted as an excep-
tion to the committee’s “preferred” linear-quadratic model
(24). As expected, all of the above findings are highly con-
sistent with those presented in the recent tumor registry
report (15), in spite of the various differences in approach
between the two studies.

The most remarkable finding from the previous series
was an excess breast cancer risk in adult life after radiation
exposure at age less than 10 years. Now, on the basis of 68

TABLE X
Relative and Absolute Measures of Excess Risk, by Attained Age: Simple, Age-Specific, Linear Regression

Coefficients with 90% Confidence Limits, Adjusted for City; Exposed Women Only,
under 20 Years Old at the Time of the Bombings

Excess risk at Attained age (years)

1 Sv 30–34 35–44 45–54 55–60

Relative risk 14.0 (4.5, 70) 1.4 (0.6, 2.7) 2.7 (1.5, 4.5) 1.8 (0.1, 6.9)
Cancers per 104 PY 12.2 (6.7, 20) 5.6 (2.7, 9.3) 17.2 (11, 25) 12.8 (1.0, 34)
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25-34 35-44 45-54 55-60

Age at Observation

FIG. 5. Expected and estimated breast cancer risk at zero and 1 Sv,
respectively, by attained age for women younger than 20 years ATB.

cases in all, including 58 exposed women with DS86 dose
estimates, that finding has been confirmed; it can be seen to
apply both to women under 5 and between 5 and 10 years
old ATB. It is also highly relevant that further follow-up of
the Rochester population of women who had been irradiat-
ed during infancy to shrink their thymus glands has contin-
ued to provide new evidence of a radiation-related excess
risk (10). In the present study, the estimated ERR per Sv
was nonsignificantly greater after exposure at ages 0–9 ATB
than after exposure at ages 10–19 and contributed to a sig-
nificant decreasing trend in risk with increasing age ATB.
At this point, there can be little doubt that radiation expo-
sure of breast tissue during early childhood and infancy can
contribute to the risk of breast cancer during adult life.

One of the relatively few differences between the present
study and earlier studies of this population pertains to risk
after exposure at ages over 40. The previous studies found no
evidence of excess risk, whereas in the present study there
was a marginally significant excess risk. The evolution of esti-
mates of excess risk over time for the subcohort 40–49 ATB,
in particular, is of some interest; a significantly negative esti-
mate was obtained from the 1950–1974 data, the estimate
was zero for the 1950–1980 series, and the estimate was posi-
tive at a suggestive level of significance for the present series.
No explanation for this variation, other than small-number
statistics, is required; breast cancer risk is and has been low in
Japan, especially for the generations born before or around
the turn of the century (19, 25), and the radiation-related
excess risk in that cohort does not appear to be large. The
present study evidences an excess risk after exposure at ages
above 40, but one that is relatively small compared to that
associated with exposure at earlier ages. Because women 40
years old or older ATB were at least 80 years old in 1985,
subsequent follow-up studies of this population are likely to
yield little new information on risk in that birth cohort.

The implications of the new finding for medical practice,
and for the use of mammography in particular, are mini-
mal. For a two-view, screen-film mammography with grid,
the mean dose for glandular tissue has recently been
reported to be 2.8 mGy (26). At that dose, for a Japanese
population exposed at age 40 or older, the estimated excess
relative risk based on our findings is 0.001, or 0.1%, with
90% CI of 0, 0.3%.

The possible modifying effects of age ATB or, alterna-
tively, attained age on the carcinogenic effects of ionizing
radiation have important implications for radiation protec-
tion and risk estimation, as well as for our understanding of
underlying biological mechanisms. Kellerer and Barclay
(27) have pointed out that age-related variation in excess
cancer mortality among A-bomb survivors, usually mod-
eled as a decline in excess RR per Sv with increasing age
ATB, can be expressed equally well as a declining function
of attained age. Attained age and age ATB are highly cor-
related, even with over 35 years of follow-up, as indicated in
Table III. An important message of Tables VII and VIII is
the lack of a statistical basis at present for separating the
effects of the two factors. The practical importance of the
relative effects of age ATB and attained age stems from
two considerations: First, at the present stage of follow-up,
lifetime risk as predicted by fitted models in which ERR
per Sv depends upon either age ATB or attained age, but
not both, may differ as much as fivefold. That is, if the ERR
among the youngest age-ATB cohorts, which tends to be
high, remains unchanged throughout the remainder of
these survivors’ life spans, their total excess risk will be
much higher than if, in the future, their ERR should decline
to values presently observed among persons exposed when
older. Second, it is important to know whether young peo-
ple are especially sensitive to radiation carcinogenesis and
should therefore receive increased protection.

The biological implications of the relative effects of age
ATB and attained age are more profound. For simplicity, the
following discussion is couched in terms of a two-stage
model. If, for example, undifferentiated breast cells are more
vulnerable to cancer initiation than differentiated cells, expo-
sure during childhood and adolescence should involve more
risk at (say) age 70 than exposure at age 40, simply because
the proportion of undifferentiated cells normally decreases
with increasing age (28). The foregoing argument involves
the reasonable assumption that an already-initiated, but
untransformed, cell is equally likely, at age 70, to have devel-
oped into a detectable cancer whether initiation occurred at
age 10 or age 40. But one might also argue that, given a radi-
ation exposure at age 10, the relative likelihood of breast can-
cer due to that exposure, vs an exposure to some other initia-
tor, must decrease with increasing age because of the increas-
ing likelihood, with increasing age, that cancer initiation may
have already occurred due to exposure to other agents. Both
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hypotheses are plausible, and it is more reasonable to ask
which (if either) process is the dominant one, rather than
which is more likely to be true.

A potentially important a posteriori finding of the pres-
ent study is that, among women exposed before age 20, the
radiation-related excess risk of early-onset breast cancer,
i.e., before age 35, was several times higher in relative terms
than the excess risk for breast cancer diagnosed at later
ages. The evidence of Fig. 4 and Tables VIII and X raises
doubts about the adequacy of models, like R (D;E), in
which ERR, after a minimal latent period, is constant over
time since exposure, although the model seems tenable
enough for risk at ages 35 and older. But to conclude sim-
ply, on the basis of Table X for example, that risk may be
modeled more efficiently in terms of absolute risk is to miss
the point. Mathematical models like R (D;E) correspond to
a biological model in which radiation exposure acts as a
cancer initiator and in which later, age-related events are
required before an initiated cell begins its progression to a
detectable cancer. If possible, we should use the present
finding as a clue to ways of investigating the biological basis
for radiation carcinogenesis.

A genetically based breast cancer risk before age 40 or
45, involving germ-line p53 tumor-suppressor gene muta-
tions, is known to be associated with Li-Fraumeni syn-
drome (29, 30). Specific loci on the q arm of chromosome
17 have been associated with family history of breast cancer
and with breast cancer at early ages in particular (31, 32).
Swift et al. (33) have argued that heterozygosity for ataxia
telangiectasia (AT) is associated with a greatly increased
risk for breast cancer associated with medical X-ray expo-
sure; the epidemiological basis for that particular claim is
open to question (34–36), but the possibility cannot be
ruled out that AT heterozygotes may be at increased risk of
radiation-induced cancer (37). Hereditary retinoblastoma
patients are known to be at increased risk of osteosarcoma;
among patients treated by radiation, risk of osteosarcoma
within the radiation field is especially high (38).

Clearly, the present finding demands an intensive inves-
tigation of the early-onset cases in terms of family history of
cancer and physical evidence of mutations in tumor and
normal tissue. Initially, it may seem somewhat puzzling that
unusually high sensitivity to radiation carcinogenesis (if
such it be) should manifest itself in increased risk before
age 35 and not at later ages; for women under 20 ATB
there was a remarkable drop in ERR per Sv between the 5-
year age intervals 30–34 and 35–39, whereas ERR was
approximately constant over the age interval 35–60. A high
risk in a small, and unidentified, minority of exposed
women, however, might not be detectable except at ages of
low baseline risk. Thus, even if affected women experi-
enced similarly high radiation-related risks at later ages,
that risk might not be apparent. Except for the early-onset

cases, these data are consistent with a model in which ERR
may depend upon age ATB but not upon time since expo-
sure. That is, women exposed to radiation have more breast
cancer than women who are not exposed, but their excess
risk appears to occur no earlier or later than expected
according to age-specific baseline rates. The existence in
this population of a small, genetically susceptible subgroup
with a large excess risk, which follows the population pat-
tern in terms of constancy of RR over time, could produce
the pattern seen in Fig. 3.

It should be noted that the distribution of bilateral cases
between the group with early-onset cancers and the remain-
der of the group of cases under 20 ATB, and the similar
dose responses for bilateral and unilateral breast cancer do
not themselves suggest the existence of a sensitive sub-
group, in which bilateral cancers might be expected to be
frequent, especially at high radiation doses. Twenty second
cancers, 9 of them among women under 20 years ATB, may
not be enough to be informative, however.

Alternatively, there might be a genetic subgroup with
heightened sensitivity to radiation-induced breast cancer
specifically of the early-onset type. Weak evidence for this
possibility may be found in Table X, which shows that the
estimated absolute excess risk was (nonsignificantly)
greater before ages 30–34 than at ages 35–44. Such a sub-
group might have a different temporal pattern of risk
because expression of the radiation-induced damage for
them might depend less upon promotional events after
exposure; there is some evidence of a different pattern of
age-specific rates for (presumably) non-radiation-related
breast cancers among persons genetically prone to higher
risk (39). The most promising prospect for testing the exis-
tence of a possible heritable susceptibility factor awaits the
cloning of candidate genes, like BRCA-1; a reasonable
approach would be to evaluate mutation spectra in normal
and tumor tissue from breast cancer cases, using a four-way
design contrasting high-dose vs low-dose cases within early-
onset and later-onset groups.

Another hypothesis with some similarities to the one just
mentioned is that radiation may usually act as an initiator
but occasionally may act at later stages in the carcinogenic
process, whether in a susceptible subgroup or in the popula-
tion as a whole; the occasional effect would be evident only
at ages when baseline rates were low. Thus exposure might
occasionally hasten the appearance of an already-initiated
cancer (which otherwise might appear if affected by other
factors or, in their absence, might never appear) whether
initiation was caused by the same radiation exposure or by
something else. If the phenomenon occurred in the general
population, unusual patterns of familial risk would not be
expected, although there might conceivably be unusual
changes at the molecular level in tumor tissue from high-
dose, early-onset cases.
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